In this paper, we are interested in developing a robust tire-force estimator for heavy duty vehicles. We use a combined model of the articulated vehicle: a yaw plane model for the chassis motion and a vertical plane model for the axles. In the proposed method, we make use of the on-board available sensors to which are added lowcost sensors. In order to optimize the sensors configuration, a robust differentiator is used in order to obtain accelerations from the measured velocities. Once the differentiation obtained, the model is inverted to determine the unknown input forces. The approach is validated by comparing the estimation results to those given by the software simulator prosper.
INTRODUCTION
The problem of the estimation of the contact forces for heavy duty vehicles is primordial for obtaining the necessary information on the interaction between the vehicle and the pavement. This information is particularly useful in order to avoid road and vehicle damage (tire, suspension, fragile payload) and to enhance security by preventing rollover of trucks.
The issue of estimating vehicle contact forces is considered in many previous works. In [9] an Extended Kalman Filter (EKF) is applied to estimate the longitudinal and lateral forces in a vehicle bicycle model, the forces are considered as additional states and their dynamics are modeled by the use of a shaping filter driven by white noise. The authors in [11] have applied a similar estimation algorithm to an off-highway mining truck. The main limitation of this approach is that some assumptions are made on the behavior of the forces (slow variation) when tuning the shaping filter, this requires the exact knowledge of the nature of the forces and the way they vary. We can also cite [2] , [8] who use sliding mode observers to estimate contact forces in heavy duty vehicles. First, the height of the wheel hub is estimated, then by measuring the road profile, the tire deflection is calculated by assuming the linear stiffness of the tire. An estimation of the vertical force is obtained by multiplying the tire deflection with its stiffness. The longitudinal and lateral forces are also derived using the Pacejka tire model. This method involves knowing accurately the vehicle and the pneumatic parameters and also to measure the road profile.
Another way to estimate the forces is to use strain gauges in the wheel hub. The solution provides precise measurement but it is expensive. Axle bar can also be instrumented by shear strain gauges. This last method is limited to straight constant speed maneuvers and does not suite to turning corners maneuvers with large lateral forces [4] . Furthermore, strain gauges in vehicles are complex to install and to calibrate.
The proposed method is to use a sliding mode observer [1] to evaluate the forces which are considered as unknown inputs of the systems. The advantage of this approach is to avoid the use of many parameters of the vehicle (usually unknown), to optimize the sensors configuration (using embedded sensors and adding low-cost sensors) and to present a good alternative to the use of strain gauges especially while turning corners (simple installation and calibration). This paper is divided into three main sections. In the first section, we describe the model and the validation by simulator software. In the second section, we present the estimation method. In the third section, we present the simulation results. We finally conclude with some perspectives in the last section.
MODEL DESCRIPTION
To be able to develop observers and to validate our approach, we use an observable non linear yaw plane model as described in [6] . The model is represented in Figure 1 .
The behavior of the articulated vehicle is related to the forces applied by pavement on the tires. In the yaw plane model, two axles for the tractor are considered and the axle-group in the trailer are represented by unique equivalent axle. In order to describe the dynamics of the articulated vehicle, we represent separately the tractor and the trailer. The hitch force which is an internal force appears as an external force for both the tractor and the trailer. the distances between the centre of gravity of the tractor and respectively the front and the rear axles. Moreover ft l and rt l correspond to the distance between the centre of gravity of the trailer and respectively the hitch and rear axle. δ is the steering angle and θ is relative yaw angle between the tractor and trailer. The equations of motion of the tractor in the yaw plane are given in the longitudinal axis:
The yaw moment of the tractor at the hitch point where cog z I 1 is the inertia moment according to the vertical axis crossing the centre of gravity of the tractor [7] . 1 M is the total mass of the tractor. h l is the distance between the centre of gravity of the tractor and the hitch. The trailer dynamics is governed by the following equations. In the longitudinal direction:
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where 2 M and 2 z I are respectively the mass and the moment of inertia of the trailer according to the vertical axis. 
The output vector Y is composed of the longitudinal and lateral accelerations of the tractor and the longitudinal and lateral accelerations of the trailer considered in the tractor frame and noted respectively
The state-space model can be written in this form:
where u is the known input vector composed of the tractor front and rear wheel torques respectively fw T and rw T , the trailer wheel torque tw T , the steering angle δ and the relative yaw angle θ .
Remark 2. In practice, steering angle, yaw rate, wheel rotational velocity, the lateral acceleration and the engine torques are signals available on the CAN-bus of the vehicle. The braking torque can be deduced from the brakes pressure which is also available at the CAN-bus. In our application, we do not consider braking situations. The relative yaw angle θ between the tractor and the trailer can be obtained by integrating the difference between the measured tractor yaw rate 1 α & and the measured trailer yaw rate 2 α & .
The unknown input forces
The matrix
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and tw I are respectively the rotational inertias of the front and rear tractor wheels and trailer wheels. w r is the wheels radius supposed constant for all wheels.
To evaluate the vertical forces, an axle model is introduced. The forces applied to the axle are shown in Figure  2 .
Figure 2 -Axle model
We can set the equations of motion of the free body in the vertical plane as:
And for the equation of moments
with gravity acceleration g = 9.81 m/s². Φ a the axle-roll acceleration. l is the distance between the application point of the tyre force and the centre of gravity of the axle. s l is the distance between the application point of the suspension force and the centre of gravity of the axle and finally r is the distance between the ground and the centre of gravity of the axle. In order to simplify the problem, some assumptions have been taken. Assumption 1. The roll centre and the centre of gravity of the axle are the same.
Assumption 2.
The axle is rigid and perfectly symmetrical.
Assumption 3.
The distance r is constant and is equal to wheel radius. Remark 3. the forces between chassis and axles can be measured by the use of a pressure transducer because of the proportionality between the force and pressure in air-springs [4] .
MODEL VALIDATION
The validation of both yaw plane chassis model and vertical plane axle model are processed by the use of the simulator software prosper from Oktal corporation [5] . We simulate double lane manoeuvre to excite lateral and vertical dynamics of the vehicle and also a straight line maneuver with real acquisition of an uneven road profile. We present the validation results of the yaw plane model in Figure 3 We notice from the validation figures that the model follows correctly the dynamics given by the simulator. For the yaw plane model, the accelerations for the tractor are well reconstructed. For the trailer, the accelerations are also reconstructed with some small error which is probably due to the simplification considering a lumped axlegroup for the axles of the trailer in the model. Concerning the axle model, we first simulated a straight line maneuver with an irregular road profile in order to excite axle hop. In this case, the model follows the simulator and the pick for vertical force is correctly reconstructed as we can see in the zooming of Figure 4 . A double lane change maneuver of the Figure 5 shows the lateral load transfer. The model also tracks correctly the simulator with an acceptable error at the maximum load transfer (at 4 seconds) of 1000 N less that 5% of the total force 25000 N.
We conclude that the model suits for developing state observer techniques in order to estimate the unknown forces.
ESTIMATION OF ACCELERATIONS AND TYRE FORCES
In the previous section, we have shown the validation of the proposed model. In this section, sliding mode observers are developed to reconstruct the contact forces. We proceed in two steps: we first estimate the lateral forces applied on the axles by the use of the yaw plane model of the vehicle. Then we evaluate the vertical forces by means of the estimated lateral forces.
From the state space model of equation (12), we can rewrite the model in this global form is not invertible. Consequently, the above method cannot be employed. As a result, one needs alternative method to derive F u .
To determine the unknown forces F u , two conditions must be satisfied. The matrix Using symbolic computation software, we verify that W is of full rank so we can calculate numerically at each step its pseudo-inverse. Furthermore, to derive the wheels and yaw accelerations from the measured velocities in v X , we introduce an exact differentiator. The robust differentiator is based on the sliding mode theory [3] and is given by this set of equations.
Considering the known velocities to be locally bounded and the observer based on the differentiator of equation (21) tends to zero in finite time. The complete proof of this theorem can be found in [10] .
However, to get a correct estimation of the accelerations, we have to verify the sufficient conditions for convergence of the differentiator. These conditions concern the gain diagonal matrices The parameter σ is an upper bound of the second derivative. Here we take 10 = σ to ensure the convergence of the differentiator. With the right choice of the gains, the differentiator converges in finite time, moreover, the advantage to use this differentiator that others (Euler approximation for example) is that the exact differentiator is robust to noise and does not create discrepancy between the real and the estimated derivatives.
SIMULATION RESULTS
In this section we present some results on the reconstruction of the lateral and vertical forces of the vehicle. Two scenarios have been tested. We simulate a straight line with uneven road profile and a double bend path in order to foreground the variation of vertical load transfer and change line maneuver. We compare the estimated forces to the forces given by the software simulator prosper. The reference vehicle is a tractor -tri-axle trailer which is the most common vehicle configuration. In Figure 6 , we show the estimation of yaw acceleration for both tractor and trailer. In Figure 7 , we present the estimation results of the total lateral forces applied respectively to the trailer equivalent axle. In Figures 8 and 9 are shown the estimation results of vertical forces applied to the front and rear tractor axles. In Figures 10, 11 and 12 are shown the estimation results of vertical forces applied to the front, mid and rear trailer axles.
Generally in the literature, estimation of the forces is made on one equivalent axle for the trailer. But in reality, it is more interesting to evaluate the forces on multi-axle trailer. Therefore, the total lateral trailer force which is the sum of lateral force for all axles is first estimated. Then, it is assumed that the total lateral force is uniformly distributed on the three axles (front, mid and rear axles in a tri-axle trailer). 
RESULTS DISCUSSION
First, we show that the yaw accelerations are estimated from the yaw velocities provided by the gyros. The convergence is reached in finite time. From the Figure 6 , we notice that the convergence time is about 0.3 seconds which is very interesting for real-time applications. The chattering phenomenon due to the sliding mode is reduced by a correct choice of the differentiator gains. The estimation error between the measured and the estimated values of accelerations is negligible. We can conclude the efficiency of the differentiator.
From the estimated values of the accelerations, the total lateral trailer force is estimated as shown in Figure 7 . It is obtained by the use of the inverted model. We notice that the total lateral force is correctly estimated after a small convergence time, this latter is due to the time taken by estimated accelerations to converge to their real values. As said before, this estimated trailer force is the equivalent lateral force, i.e. it is the sum of all the lateral forces applied to the trailer axles. It is assumed that the equivalent force acts on the mid axle of the trailer. It is also assumed that this force is uniform for all trailer axles.
Finally, to estimate vertical forces, the estimated lateral forces are used. We can reconstruct the vertical forces for all wheels of the tractor as well as for the trailer. The lateral load transfer can be clearly visualized and the error of estimation is evaluated to be less than 5% from the real value at the picks. There is however a more important error for the trailer rear axle compared with the two other axles. This is probably due to the fact that the lateral force applied for in the rear axle of the trailer is more important that the one applied to the front axle. Also some saturation phenomena may appear in the measured suspension forces which can affect the model and then the estimation quality.
SUMMARY/CONCLUSIONS
In this paper, we present a method to estimate the vertical force applied on axles of a tractor-trailer vehicle. This estimation method is developed by the use of low-cost sensors and the introduction of numerical differentiation by means of robust observers. The method allows minimizing the number of the sensors configuration and permits to avoid additional sensors. We have seen that the observers can replace efficiently the use of accelerometers. The estimation error and the convergence time are small enough which allows to use observers in real-time. The total lateral force is correctly estimated. Concerning the vertical forces, these are evaluated for each axle separately. From the simulation results, we conclude that the estimated vertical forces are of good quality to be used as informative signals for on-board control systems with the main advantage that we use an optimized instrumentation of the vehicle.
By the use of this method, we provided a solution which is robust and practical in order to evaluate the dynamical loads on the tractor-trailer vehicles. As an improvement of this method, the cornering stiffness can be used to evaluate more precisely the distribution of the lateral forces in the trailer. Higher order sliding observers can be used by considering the forces as external disturbances to the vehicle. It can also be interesting to test this solution on a real instrumented vehicle.
As a perspective of this work, the estimated vertical forces can be used as indicative data for developing onboard active control systems in order to reduce damage to pavement caused by important load transfers and enhance vehicle safety. The main objective is to propose a control system which stabilizes the variation of dynamic vertical forces around their static value.
